Circadian clock-gated cell division cycles are observed from cyanobacteria to mammals via intracellular molecular connections between these two oscillators. Here we demonstrate WNTmediated intercellular coupling between the cell cycle and circadian clock in 3D murine intestinal organoids (enteroids). The circadian clock gates a population of cells with heterogeneous cellcycle times that emerge as 12-hr synchronized cell division cycles. Remarkably, we observe reduced-amplitude oscillations of circadian rhythms in intestinal stem cells and progenitor cells, 
INTRODUCTION
The circadian clock and cell cycle are biological oscillators whose coupling is observed across several species Yang et al., 2010) . At the single-cell level, clockcell cycle coupling in mammals has been recently described in separate reports using NIH 3T3 cells, transformed mouse embryonic fibroblasts (Bieler et al., 2014; Feillet et al., 2014) . Both groups showed a coupling ratio between the clock and cell cycle of ~1:1 in homogeneous cell populations, with single cell-level analyses of the cell cycle and circadian clock. These findings support earlier reports showing that several cell cycle-related genes are under clock control. For example, expression of the cell-cycle checkpoint kinase WEE1 and the cyclin-dependent kinase inhibitor P21 are regulated by the circadian clock transcription factors BMAL1 and REV-ERBα/β in the mouse liver (Gréchez-Cassiau et al., 2008; Matsuo et al., 2003) . In addition, the core clock protein PER1 activates check point kinase 2 in human cancer cells (Gery et al., 2006) , whereas PER1 and PER2 activate the cyclindependent kinase inhibitor P16 in mice (Gery et al., 2006; Kowalska et al., 2013) . Together, these molecular connections orchestrate the intracellular coupling of the clock and cell cycle.
Prior work connecting the circadian clock and cell cycle in transformed and primary cell types represents fundamentally important observations; however, the coupling of the clock and cell cycle is likely to be more complex in heterogeneous, multicellular systems and tissues. To that end, intestinal organoids (enteroids) have recently emerged as a powerful platform for understanding adult stem cell dynamics, intestinal epithelial differentiation, and gut pathophysiology (Sato et al., 2009) . Mouse enteroids arise from Lgr5-positive intestinal stem cells and self-organize into 3D structures with crypt-, villus-and lumen-like domains (Sato et al., 2009) . Importantly, enteroids contain adult intestinal stem cells (ISCs), progenitor cells (PCs), and differentiated cells (DCs), including enterocytes, goblet cells, enteroendocrine cells, and Paneth cells. Paneth cells are secretory cells that reside at the crypt base, where the self-renewal capacity of ISCs and PCs is maintained by Paneth cellsecreted WNT .
We have recently reported robust circadian rhythms in mouse enteroids established from PER2::LUCIFERASE (PER2::LUC) mice as well as autonomous synchronization of enteroid PER2 oscillations (Moore et al., 2014) . PER2 is a core clock component that plays an essential role in maintaining the circadian clock in mammals (Zhang and Kay, 2010) . In this report, we demonstrate self-synchronized, 12-hr cell division cycle progression from a population of enteroids; heterogeneous cell-cycle times (CCTs) with a multimodal distribution; stochastic simulations that explain 12-hr cell division cycles emerging from a heterogeneous population; low-amplitude oscillations of the circadian clock in intestinal stem cells and progenitor cells relative to differentiated cells; and intercellular coupling of the circadian clock and cell cycle via circadian regulation of WNT production and secretion by Paneth cells. Together, these results demonstrate that circadian clock-cell cycle coupling in a dynamic adult stem cell culture system is mediated by an intercellular coupling factor and indicate a novel function for Paneth cells as a peripheral circadian pacemaker for the intestinal epithelium.
RESULTS

Synchronized Oscillations of Cell-Cycle Progression in Mouse Enteroids
We developed enteroids with dual luciferase reporters to facilitate real-time measurements of cell cycle and circadian clock progression in groups of 20-25 co-cultured mouse enteroids. We genetically modified the fluorescent ubiquitination-based cell-cycle indicator (FUCCI) system (Sakaue-Sawano et al., 2008) to generate a bioluminescent S-G2-M phase reporter by creating a fusion protein of Green-Luciferase (Noguchi et al., 2008) and hGeminin (Sakaue-Sawano et al., 2008;  Figure 1A ). Circadian oscillations were monitored with RedLuciferase (Noguchi et al., 2008) under control of the Per2 promoter (Yoo et al., 2004; Figure 1B) . As shown in Figure 1C , we observed synchronized circadian clock and cell cycles in a population of enteroids. Interestingly, cell-cycle oscillations displayed two peaks during a single circadian cycle ( Figure 1C ). Fast Fourier transform (FFT) analysis of the time traces indicated a period of 12.4 ± 2.4 hr and 24.1 ± 1.9 hr for the cell cycle and clock, respectively (mean ± SD; Figures 1D, 1E , and S1A-S1H, available online). These results suggest circadian clock-gated cell division cycles with a 1:2 coupling ratio in populations of mouse enteroids.
Synchronized oscillations of cell-cycle progression were also observed in single enteroids. To observe cell-cycle progression in single enteroids, we derived enteroids from FUCCI2 transgenic mice (Abe et al., 2013) , which express a fluorescent S-G2-M phase reporter, mVenus-hGeminin, and a fluorescent G0/G1 phase reporter, mCherry-hCdt1. Green fluorescence from mVenus-hGeminin was mainly observed at the crypt base and transitamplifying (TA) domains, where intestinal stem cells and progenitor cells reside, respectively (arrowheads, Figure 2A ). In contrast, the red fluorescent mCherry-hCdt1 signal was primarily observed within villus-like domains, where terminally differentiated enterocytes reside (arrow, Figure 2A ). Total numbers of both mCherry-hCdt1-and mVenushGeminin-expressing cells increased over time because of enteroid growth. The number of mCherry-hCdt1-expressing cells increased more dramatically with accumulation of terminally differentiated cells (G0 phase). We observed that the number of mVenushGeminin-positive cells oscillates in single enteroids (Figures 2A-2F ; Movie S1) with a period of 12.9 ± 3.8 hr (mean ± SD; Figure 2G ), consistent with the population-level analysis obtained with the Green-Luciferase-hGeminin bioluminescent reporter ( Figure 1C ). We obtained similar results in enteroids derived from H2B-EGFP transgenic mice ( Figures  S2A-S2D ). To determine the extent to which a functional circadian clock is required for synchronized cell division cycles, we knocked down a core circadian clock gene, Bmal1, in PER2::LUC and FUCCI2 enteroids by expressing short hairpin RNA (shRNA) with a lentivirus vector. Bmal1 knockdown (KD) enteroids demonstrated significantly lower amplitude PER2::LUC oscillations ( Figures S2E-S2G ), indicating impaired circadian transcriptional-translational feedback loop (TTFL) activity. Importantly, Bmal1 KD also showed dramatically lower amplitude oscillations of synchronized cell division cycles compared with control KD ( Figures 2H-2J and S2H-S2N ). Likewise, circadian arrhythmic enteroids derived from Per1/2 double knockout (Per1/2 DKO) mice also displayed abolished synchronized cell-cycle progression at the population level ( Figure S2O ). These results indicate that the circadian clock is necessary to maintain synchronized cell-cycle progression.
Circadian Gating of the Cell Cycle in Enteroids
To explore the coupling of the circadian clock and cell cycle in further detail, we tracked cell-cycle progression in individual cells within FUCCI2 enteroids. Cells in FUCCI2 enteroids displayed red, yellow, and green signals during G0/G1, transition from G1 to S, and S-G2-M phases, respectively, and these signals eventually disappeared when cells divided. FUCCI2 enteroids thus enabled us to measure the duration of G1, S/G2/M, and individual CCTs from the beginning of G1 (red) to the end of mitosis (green). Figure 3A shows representative results of single-cell tracking in a single enteroid, with each line displaying color changes (i.e., cell-cycle phases) of a single cell. Of note, we observed a larger variability of G1 duration (red) compared with S/G2/M (green) (G1, 9.6 ± 6.8 hr; S/G2/M, 7.5 ± 2.8 hr (mean ± SD), p < 0.01, F test). We discovered that the duration of CCT strongly correlates with the duration of G1 phase (red), but not with the duration of S/G2/M (green) ( Figure 3B ). In contrast to ~12-hr oscillations observed at the population level, single-cell analysis revealed a multimodal distribution of cell-cycle times with an average CCT of 18.4 ± 7.0 hr (mean ± SD). This distribution was fitted to a mixture of univariate Gaussian distribution equations, revealing four peaks at 8.7 ± 0.6 hr, 12.6 ± 1.9 hr, 18.9 ± 2.8 hr, and 25.8 ± 8.7 hr (mean ± SD; Figures 3C and S3A ).
How can a multimodal distribution of CCTs give rise to synchronized 12-hr cell cycle as a population? We used mathematical modeling to investigate potential mechanisms for the observed phenotypes. Specifically, we modified our previous model of the circadian clock and the cell cycle as coupled oscillators (Zámborszky et al., 2007) (Supplemental Experimental Procedures) to simulate the distributions of the CCTs and the timing of divisions from two distinct molecular coupling mechanisms. First, we simulated the consequences of coupling at the G2-M checkpoint through the circadian regulation of WEE1 (Matsuo et al., 2003) . The heterodimeric circadian clock transcription factors CLOCK/ BMAL1 regulate the expression of WEE1, which is a cell-cycle kinase that phosphorylates and inactivates the CyclinB/CDK complex to block entry to mitosis (Matsuo et al., 2003 ). Then, we tested a coupling of the cell cycle and circadian rhythms at the G1-S transition through WNT (Tetsu and McCormick, 1999) . WNT is secreted from Paneth cells and controls self-renewal of ISCs and PCs , and it has been shown that BMAL1 regulates WNT signaling (Guo et al., 2012; Lin et al., 2013) . For these simulations, we assumed that there exist two cell populations with distinct CCTs based on previous literature and our cell-cycle measurements with enteroids from Lgr5-EGFP transgenic mice, indicating fast and slow cycling populations in the mouse small intestine: PCs and ISCs with average CCTs of 16 and 26 hr, respectively (Figures S4A-S4E; Carulli et al., 2014) .
In the absence of coupling, we observed a bimodal distribution of CCTs reflecting our assumptions of 16-and 26-hr populations with a larger number of PCs compared with ISCs ( Figure 3D It is important to note that it was necessary to assign appropriate coupling strength to reproduce multimodal distributions ( Figures S3B-S3F ). Both PC and ISC subpopulations showed multimodal distributions of CCTs when coupled to the circadian clock. Furthermore, we discovered that these multimodal distributions of CCTs appear as bimodal distributions when in silico cells are plotted against the circadian phase ( Figures 3H, 3I , and S3G). In other words, the circadian clock influences the timing of the mitosis of cells with heterogeneous CCTs, resulting in two peaks of cell divisions during 24 hr. In contrast, there was no specific timing of cell divisions in the uncoupled case ( Figure 3G ). These simulations indicate that the cell cycle is gated by the circadian clock in our model, within the described set of parameters.
Intriguingly, we observed a key difference between WEE1 versus WNT coupling scenarios in our simulation results. We discovered that WEE1 coupling results in a bimodal distribution of cell division frequencies, with the time between major peaks much shorter than 12 hr ( Figure 3H ), which is incompatible with the 12-hr cell divisions we observed (Figures 1C and 2G) . In contrast, WNT coupling reproduced a bimodal distribution of cellcycle events with 12-hr cell division cycles ( Figure 3I ). These observed differences were due to distinct mechanisms of coupling. The circadian clock-dependent activation of WEE1 results in an impediment of cell division cycles at specific phases of the circadian cycle, with a smaller number of cell divisions when WEE1 is high and a greater number of cell divisions when WEE1 is low. In contrast, WNT coupling facilitates the transition of the G1-S phases via CyclinD1 and does not induce prolonged impediments of cell division cycles. We further tested another scenario of clock-cell cycle coupling by inhibition of G1-S transition via P21 and discovered uneven durations between peaks of cell division in a single clock phase, which did not match our experimental data ( Figures S3A-S3G) . We then performed simulations to measure the correlation between the duration of G1 or S/G2/M and simulated CCTs from Figures 3E and 3F . We observed that the duration of S/G2/M was highly correlated with WEE1 coupling (Figures 3J and S3H ). In contrast, the duration of G1 was highly correlated with WNT coupling (Figures 3K and S3H) , which is qualitatively in agreement with our experimental data ( Figure 3B ). Our simulation results further suggest that canonical WNT signaling-mediated cell-cycle regulation at the G1-S transition is more likely to connect cell-cycle and circadian rhythms versus G2-M transition regulation by WEE1.
Complex Interactions of the Circadian Clock and Cell Cycle in Enteroids
For the stochastic simulations, we assumed that enteroids consist of two populations of proliferating cells that have average CCTs of either 16 or 26 hr in the absence of circadian connections. We explored our simulation results more in depth by segregating these two populations and plotting the number of cell divisions as a function of circadian phase. We observed two peaks of cell division events over one circadian cycle in the population with short CCTs (16 hr), indicating 1:2 coupling ( Figures 4A and 4B, top) . In contrast, we observed 1:1 coupling for the population with longer CCTs (26 hr), with a single peak of cell division events over one circadian cycle ( Figures 4A and 4B, bottom) . Furthermore, the simulation results showed that the population with longer CCTs had a cell-cycle distribution ranging from 20-40 hr ( Figures S3C-S3E ). To compare these in silico results with our experimental data, we segregated the single-cell data from FUCCI2 enteroids into two populations: cells with a CCT of less than 20 hr (T cc < 20 hr) and cells with a CCT of more than 20 hr (T cc ≥ 20 hr). The population with shorter CCTs (T cc < 20 hr) showed 12-hr rhythms ( Figure 4C , top), which is 1:2 coupling with respect to the circadian clock (12.6 ± 2.6 hr, n = 3, mean ± SD; Figure 4D ). In contrast, the population with longer CCTs (T cc ≥ 20 hr) demonstrated 1:1 coupling with an average CCT of 24.5 ± 7.8 hr (n = 3, mean ± SD; Figure 4D ). This distribution of CCTs in the crypt base versus the TA domain indicates that a greater number of cells with longer CCTs (T cc ≥ 20 hr) reside in the crypt base (Figures 4E and 4F) , consistent with earlier findings on the longer cell-cycle duration of Lgr5-positive intestinal stem cells (T cc ≥ 20 hr). Enteroids reveal two different coupling ratios between the circadian clock and the cell cycle depending on the intrinsic CCTs. Similar data were also observed in enteroids derived from Lgr5-EGFP-IRES-CreERT2 +/− /Rosa-CAG-LSLtdTomato-WPRE +/− mice ( Figures S5A and S5B ). Based on these data, we hypothesized that the circadian clock influences a population of cells in 3D adult stem cell cultures, resulting in different coupling ratios for ISCs and PCs.
We then asked whether circadian rhythms are robust in intestinal stem cells. To test this, we developed enteroids with dual fluorescent reporters of H2B-EGFP;Per2-mCherry to characterize circadian rhythms from single cells (Figure 5A-5C ). Intriguingly, we observed no discernable circadian oscillations in dividing ISCs and PCs in contrast to clear oscillations in non-dividing DCs (Figures 5D and 5E ). Furthermore, PER2::LUC enteroids cultured under ISC-and PC-rich conditions (Yin et al., 2014) showed significantly lower amplitude oscillations ( Figures 5F and S6A-S6C ) compared with normal culture conditions ( Figures 5G and 5H ). These data suggest weak or absent circadian rhythms in individual ISCs and PCs; hence, intracellular coupling is unlikely to be a major contributor to circadian regulation of the cell cycle in ISCs and PCs. The ISC-and PC-rich culture condition did not reduce the amplitude of PER2::LUC oscillations in fibroblasts, further suggesting that ISC and PC differentiation is required for robust circadian rhythms in enteroids ( Figures 5I and  5J ).
WNT Is a Key Coupling Factor between the Circadian Clock and the Cell Cycle in Mouse Enteroids
ISCs and PCs showed relatively low-amplitude expression of Per2 gene expression. This result suggests that WEE1-mediated intracellular coupling of the circadian clock and the cell cycle may not be a key coupling mechanism in mouse enteroids. Importantly, our simulation results unequivocally demonstrated that WNT-mediated coupling better reproduced existing data, including the correct bimodal distribution of CCTs over the circadian phase and a stronger correlation of the duration of G1 with the observed CCTs ( Figures 3H and 3I) . Based on these supportive data, we tested whether WNT is a major coupling component connecting the circadian clock to the cell cycle in mouse enteroids.
We first discovered that Wnt3a mRNA demonstrates circadian oscillations in mouse enteroids ( Figures 6A and S7A) . Importantly, we also observed rhythmic WNT activity by TopFlash promoter luciferase assay ( Figures 6B and 6C ), which reports canonical WNT/β-catenin signaling (Fuerer and Nusse, 2010; Molenaar et al., 1996) . These WNT oscillations were abolished in Per1/2 DKO and Bmal1 KD enteroids ( Figures 6C-6E) . Furthermore, saturated WNT signaling by a WNT agonist, the GSK-3β inhibitor CHIR99021, induced dramatic reductions of synchronized 12-hr cell-cycle oscillations in FUCCI2 enteroids ( Figures 6F and 6G) , demonstrating the importance of WNT oscillations for coupled oscillations of the clock and cell cycle. Wee1 KD did not affect 12-hr cell division cycles ( Figures 6H, 6I , and S7B). These results indicate that WNT-mediated intercellular coupling between the cell cycle and the circadian clock is a key mechanism determining circadian clock-dependent synchronized cell division cycles.
Paneth cells constitute the Lgr5+ intestinal stem cell niche and are the major secretory source of WNT in intestinal crypts. We confirmed a requirement for WNT in synchronized cell-cycle progression by Paneth cell ablation experiments. We used two distinct methods to ablate Paneth cells: physical ablation by laser irradiation (Figures 6J, S7C , and S7D; Movies S2 and S3) and knockdown of Atoh1, an essential transcription factor for Paneth cell differentiation (Figures S7E-S7M ; Durand et al., 2012) . As expected, we observed significantly reduced synchronized cell-cycle progression in FUCCI2 enteroids under both experimental conditions (Figures 6K-6N ; Movies S4 and S5), suggesting that Paneth cells regulate synchronized cell division cycles via rhythmic production of WNT. Importantly, enteroids derived from Per1-Venus mice demonstrated the existence of circadian rhythms in Paneth cells by immunostaining ( Figures 6O-6Q) , along with circadian expression of the Paneth cell-specific gene Cryptdin-1 by qRT-PCR ( Figure 6R ).
Periodic Budding in Enteroids
What is the tissue level consequence of the synchronized cell division cycles? We hypothesized that enteroid crypt budding events would occur rhythmically because enteroid crypt domains undergo continuous budding events reminiscent of in vivo crypt fission (Sato et al., 2009 ). As expected, we observed rhythmic formation of new crypt buds with a period of 12 hr in wild-type (WT), but not in Per1/2 DKO, enteroids ( Figures 7A-7C) . Moreover, Per1/2 DKO enteroids showed a reduced number of budding events and total crypt domains ( Figures 7C-7E ) relative to wild-type enteroids. In vivo, we observed a reduced number of crypts in the jejunum of Per1/2 DKO mice ( Figures 7F-7H) , suggesting that rhythmic cellcycle progression facilitates crypt budding and formation.
DISCUSSION
Circadian gating of the cell cycle in mammalian cells remains a controversial subject. Nagoshi et al. (2004) reported the coupling of the circadian clock and the cell cycle in NIH 3T3 mouse fibroblasts. However, two studies reported a lack of clock regulation in the mammalian cell cycle Yeom et al., 2010) . More recently, two reports by Feillet et al. (2014) and Bieler et al. (2014) showed 1:1 coupling of the clock and the cell cycle in NIH 3T3 cells with single-cell resolution imaging and mathematical modeling. Our findings of coupled oscillations of circadian rhythms and cell cycle in a complex 3D adult intestinal stem cell culture system, together with a WNT-mediated mechanism for intercellular coupling, add strong evidence not only for the existence of circadian gating but also for a specific mechanism of coupling, with dynamic consequences of this coupling in different contexts. In this report, we demonstrate that the circadian clock influences a heterogeneous population of cells in a non-transformed, complex 3D adult intestinal stem cell culture system. The circadian clock synchronizes the timing of cell division cycles with 1:1 or 1:2 coupling ratios in different subpopulations of cells, depending on their inherent CCTs ( Figure 4C ). Intriguingly, these synchronized cell division cycles emerge from heterogeneous CCTs with a multimodal distribution as a result of the coupling (Figure 3 ; Aihara et al., 2015; Nagoshi et al., 2004) . Importantly, we also uncover WNTmediated intercellular coupling between circadian rhythms and the cell cycle in 3D enteroids.
The multiple types of intestinal epithelial cells in enteroids are organotypic of the complexity observed in vivo in the intestinal epithelium. Within this complexity, we found two populations of cells with a 1:1 and 1:2 coupling ratio of the clock and the cell cycle. Given the length of the CCTs in these populations, it is possible that the 1:1 and 1:2 coupled populations mainly consist of ISCs and PCs, respectively. Similar to other adult stem cells, ISCs have active and quiescent states, and the CCT of PCs may vary depending on the expression level of LGR5, as shown in our imaging data from Lgr5-EGFP enteroids. Taken together, it is possible that there exists a greater abundance of coupling ratios arising from the interactions of the clock and the cell cycle in vivo. Yagita et al. (2010) previously reported the lack of circadian rhythms in mouse embryonic stem cells, with the circadian clock developing during differentiation. We observed dramatically lower amplitude oscillations of PER2::LUC from enteroids cultured under ISCand PC-enriched conditions. During mammalian development, pluripotent cells differentiate to give rise to lineage-committing adult stem cells and progenitor cells (Sugawara et al., 2012) . Therefore, it is possible that ISCs are "midstream" in development of the circadian TTFL. WEE1 is an important intracellular coupling factor for the circadian clock and cell cycle. However, the expression level of Wee1 in mouse enteroids was one quarter of that in NIH 3T3 cells, immortalized cells commonly used for the study of circadian-gated cell-cycle progression (Nagoshi et al., 2004;  Figure S7B ). Expression of Wee1 was also high in other immortalized cells (Figure S7B ), suggesting compensatory overexpression of Wee1 for suppression of cell-cycle progression in cells with increased rates of proliferation.
Several critical cell cycle components are clock-controlled, and their interactions are thought to establish an intracellular coupling of the clock and cell cycle. ISCs and PCs displayed lower-amplitude oscillations of clock gene expression. Therefore, it is plausible that diffusible factors, including WNT, from secretory cells mediate the intercellular connection between the circadian clock and the cell cycle in ISCs and PCs. Interactions of the circadian clock and WNT signaling have been described previously in other contexts (Guo et al., 2012; Lin et al., 2013) , and many genes in the WNT pathway are known to have rhythmic expression (Soták et al., 2014) . Hence, not only WNT secretion but also downstream WNT signaling may contribute to clock-dependent synchronized cell-cycle phenotypes in vivo. In contrast to ISCs and PCs, human epidermal stem cells have TTFL of clock genes, with stem cell functions regulated by the circadian clock (Janich et al., 2011 (Janich et al., , 2013 . Interestingly, epidermal stem cells self-renew by autocrine WNT (Lim et al., 2013) . WNT signaling is also known to regulate the self-renewal of various adult stem cells in the gut, mammary gland, hematopoietic system, and neuronal system (Ring et al., 2014) . These results indicate the possibility of a general role of WNT for coupling of the circadian clock and cell cycle in adult stem cells.
Paneth cells secrete growth factors, including WNT, but also substantial quantities of antimicrobial peptides. Our findings that Paneth cells not only have circadian oscillation of clock genes but also the defensin gene Cryptdin-1 ( Figure 6R ) strongly supports earlier in vivo evidence of the circadian regulation of Paneth cell immune function (Froy and Chapnik, 2007; Froy et al., 2005) . The result suggests that not only cell cycle, crypt budding, and innate immunity but also other physiological events are rhythmically controlled via secretory factors from Paneth cells ( Figure 7I ). In addition to Paneth cells, three other types of secretory cells exist in the intestinal epithelium: enteroendocrine, goblet, and tuft cells. Gut hormones like glucagon-like peptide 1 and peptide YY are secreted in a circadian manner from the intestinal epithelium (Gil-Lozano et al., 2014; Hill et al., 2011) . The intestinal epithelium also secretes glucocorticoid, whose signaling induces circadian phase changes in peripheral tissue cells, including enteroids (Balsalobre et al., 2000; Moore et al., 2014; Noti et al., 2009). Serotonin (5-hydroxytryptamine [5-HT] ) is an important regulator of the circadian clock of the suprachiasmatic nucleus and is also secreted from the intestinal epithelium (Balsalobre et al., 2000; Gribble and Reimann, 2016) , which may connect the circadian clock to the brain-gut axis.
In conclusion, we uncovered a mechanism of WNT-mediated intercellular coupling between the circadian clock and the cell cycle in enteroids that results in 1:1 and 1:2 coupling ratios between these two oscillators in different intestinal epithelial cell subpopulations. This clock-controlled cell-cycle progression also manifested as rhythmic budding of crypt domains in enteroids. We further determined that WNT is not only an essential niche signaling agent that maintains self-renewal of intestinal stem cells but that it also serves as an intercellular node linking circadian rhythms and the cell cycle. Finally, we identify a key role of Paneth cells as local pacemakers that regulate the timing of cell divisions in intestinal stem cells and progenitor cells in the context of circadian rhythmicity.
EXPERIMENTAL PROCEDURES Gene Constructions
Green-Luciferase-PEST-hGeminin, Per2-Red-Luciferase-PEST-PGK-puro r , and Per2-mCherry were constructed using PCR and yeast recombination. The details of the procedures are given in the Supplemental Experimental Procedures.
Preparation of Enteroids
Using the methods of Sato et al. (2009) , we prepared intestinal organoids (enteroids) by isolating fresh mid-jejunal crypts from mice. The details of the procedures are given in the Supplemental Experimental Procedures.
Lentivirus Induction
Green-Luciferase-hGeminin-, Per2-Red-Luciferase-, Per2-mCherry-, control-shRNA-, Bmal1-shRNA, Wee1-shRNA-, and Atoh1-shRNA-expressing enteroids were made by lentivirus induction. The details of the procedures are given in the Supplemental Experimental Procedures.
Bioluminescence Recording
Enteroids or fibroblasts were plated on a 35-mm plastic dish and placed in a Kronos Dio AB-2550 incubating luminometer (ATTO) for real-time periodic quantification of PER2 protein, Green-Luciferase-hGeminin, Per2-Red-Luciferase, or TopFlash reporter (Molenaar et al., 1996) abundance by bioluminescence recording (Malloy et al., 2012) . The details of the procedures are given in the Supplemental Experimental Procedures.
Fluorescence Imaging
Enteroids were plated on an 8-well chamber slide (Lab-tech) 2 days before the imaging experiments. Image acquisition was performed with an LSM710 LIVE Duo confocal microscope (Zeiss). Single-cell ablations of enteroid cells were performed through LSM510 two-photon microscope (Zeiss). The details of the procedures are given in the Supplemental Experimental Procedures.
Data Analysis
Data analysis was done with Imaris (Bitplane) software for imaging data, ImageJ software for tissue sections, Kronos (ATTO) software for bioluminescence data, and R for FFT analysis. The details of the procedures are given in the Supplemental Experimental Procedures.
Gaussian Mixture Model
The Gaussian mixture model was estimated by expectation-maximization (EM) algorithm (Day, 1969; Denpster et al., 1977) . We implemented the model fitting in R with the package "mixtools." The histogram indicated small numbers of mixture components for all datasets. Gaussian mixtures with two to six components were compared, and the optimal numbers of components were selected according to the Akaike information criterion (AIC) (Akaike, 1973 (Akaike, , 1974 . qPCR PER2::LUC enteroids and Bmal1 KD B6 enteroids were plated into 12-well plates at the start of the experiment. Organoids for each time point were plated into a separate plate to limit manipulation or exposure to possible resetting cues. End of serum shock is indicated by circadian time 0 for comparison with bioluminescence recordings performed in parallel. The details of the procedures are given in the Supplemental Experimental Procedures.
Histological Analysis of Mouse Jejunum
We sacrificed animals using CO 2 inhalation followed by cervical dislocation. The jejunum was dissected from the mouse, flushed with ice-cold PBS, fixed by 10% formalin, and processed for H&E staining for histological evaluation. All animals were maintained and sacrificed according to the oversight, rules, and regulations of the Institutional Animal Care and Use Committee at Cincinnati Children's Hospital Medical Center.
Statistical Analysis
All values are expressed as mean ± SE. Statistical difference between the considered groups was evaluated by Student's t test or Tukey-Kramer multiple comparisons test. Time-course qRT-PCR data and TopFlash assay data were analyzed by Kruskal-Wallis test to find differences in the series of values. p < 0.05 was considered significant.
Coupled Mathematical Model of the Circadian Clock and Cell Cycle
For our simulations, we adapted the coupled model of the circadian clock and cell cycle (Zámborszky et al., 2007) . The details of the procedures are given in the Supplemental Experimental Procedures.
Highlights
•
The circadian clock gates cell-cycle progression in the intestinal epithelium See also Figure S1 . See also Figure S2 and Movie S1. 
